Abstract. Lindahl U, Kjell en L (Uppsala University, Uppsala, Sweden). Pathophysiology of heparan sulphate: many diseases, few drugs. (Review). J Intern Med 2013; 273: 555-571.
Introduction
Heparin was discovered almost 100 years ago as an unexpected result of attempts to isolate a bloodprocoagulant phospholipid from dog liver [1] . The resulting product was neither a procoagulant nor a phospholipid but was later identified as a sulphated polysaccharide anticoagulant. Pioneering efforts by Swedish and Canadian groups, headed by Erik Jorpes and Charles Best, respectively, introduced heparin as an antithrombotic drug [2] and modified heparin variants of reduced molecular weight still remain the drug of choice in prophylaxis against postoperative thromboembolic complications [3] . Current annual world production, largely based on pig intestinal mucosa as the starting material, exceeds 30 tons. Heparan sulphate (HS) was initially recognized as a low-sulphated by-product that needed to be removed in the course of heparin manufacture. However, Jorpes and Gardell defined HS as a distinct molecular entity as early as 1948, and more recent work established that heparin is merely one member of the vast HS family of glycosaminoglycans (GAGs) [2] . In fact, whereas heparin is confined to connective-tissue-type mast cells, HSs are produced by most cells throughout the animal kingdom down to comparatively simple organisms [4] .
For almost 50 years, our laboratory has been committed to elucidating the structural features of HS-related GAGs, as well as the biosynthetic reactions leading to their formation. Results point to extensive yet strictly regulated structural diversity [5, 6] . Parallel studies have revealed that HS species bind a multitude of proteins, mainly through interactions of negatively charged carboxyl and sulphate groups with basic amino acid residues. The interactions profoundly influence important processes in development, homoeostasis and disease [7] [8] [9] [10] . Moreover, indirect observations point to HS as a major protagonist in pathophysiological settings that are still only partly understood. This review provides some insight into the multiple roles of HS in various established and some conceivable but as yet undefined disease conditions and reviews potential HS-related drug applications. Examples selected focus primarily on different aspects of HS pathophysiology and are not meant to provide a comprehensive account of relevant clinical conditions.
Basic findings

Biosynthesis and structure of heparin/HS
Structures of HS-related GAGs are best understood in terms of their biosynthesis in the Golgi compartment of cells (Fig. 1a) [11, 12] . Selected core proteins are used as primers for GAG polymerization and modification. The products, proteoglycans (PGs), carry HS or heparin GAG chains (Fig. 1b ) [13] . The heparin PG serglycin occurs in the granules of connective-tissue-type mast cells, where the high negative charge of the heparin chains facilitates packaging of positively charged mast-cell proteases, histamine and other inflammatory mediators [14] . HSPGs are found on the surface of virtually all cells and in the extracellular matrix/basement membranes outside cells. The two major families of cell-surface HSPGs are the syndecans and the glypicans. The core proteins of syndecans (four distinct species) span the plasma membrane, the cytoplasmic parts interacting with intracellular proteins, whereas the glypicans (six species) are attached to the outer surface of cell membranes through a glycosyl-phosphatidylinositol anchor. The formation of HS chains is initiated by the formation of a tetrasaccharide linkage region, synthesized by stepwise addition of xylose, followed by two galactose units and a glucuronic acid residue, from their respective UDP-sugars to a serine residue in the core protein. A fifth enzyme then transfers the first N-acetylglucosamine residue to the linkage region, followed by extensive addition of glucuronic acid and N-acetylglucosamine units in alternating sequence, which is catalysed by HS-copolymerase (EXT1/EXT2) (Fig. 1a) . The nascent GAG chain is modified by sulphotransferases and an epimerase. First, some of the N-acetylglucosamine residues are N-deacetylated and N-sulphated by a dual-activity N-deacetylase/ N-sulphotransferase (NDST) enzyme, using PAPS (3′-phosphoadenosine-5′-phosphosulphate) as sulphate donor. The partially N-sulphated polysaccharide is a substrate for the next modification enzyme, glucuronyl C5-epimerase, which converts glucuronic into iduronic acid residues. Iduronic acid provides flexibility to the polysaccharide chain, facilitating interactions between the GAG and proteins [16] . 2-O-Sulphation locks iduronic acid residues in the interaction-prone configuration. The modification process is completed through 6-O-and 3-O-sulphation of glucosamine units. 2-O-Sulphated or nonsulphated iduronic acid residues, and 6-O-sulphated glucosamines are abundant modification products, whereas 2-O-sulfated glucuronic acid and 3-O-sulphated or N-unsubstituted glucosamine units are scarce [17] . Notably, completed chains may be further edited through Sulph-catalysed 6-O-desulphation, preferentially of N-, 2-O-, 6-O-trisulphated disaccharide units [18] . Whilst C5-epimerase and 2-Osulphotransferase are transcribed from single genes, the other modification enzymes occur as multiple isoforms [19] .
Structural complexity and heterogeneity, the hallmarks of HS-related GAGs, are introduced at various levels of the biosynthetic process. Because epimerization and O-sulphation occur preferentially in close vicinity to N-sulphate groups, Nsulphation is a key regulatory step that sets a limit for overall subsequent modification [11, 12, 20, 21] . Heparin features 80-90% N-sulphated glucosamine units and a total (N-and O-) average sulphate content typically greater than two residues per disaccharide unit, whereas HS is 30-60% N-sulphated with a total sulphate content of approximately one residue per disaccharide unit. HS has a characteristic domain structure comprising highly sulphated regions (NS domains) alternating with nonsulphated (NA domains) and mixed (NA/NS) domains [6] . Heparin is more uniformly sulphated and resembles a continuous NS domain (Fig. 1) . However, HS species from different sources differ not only regarding size and distribution of the various domains, but also with respect to levels of subsequent modifications within these domains. The modification patterns are cell-specific, such that HS samples from a given murine tissue differ from those of other tissues, but are indistinguishable from corresponding samples isolated from other syngenic mice [5] . Notably, these patterns appear to be largely independent of the core protein type [22] . Obviously, polymer modification is not a random Fig. 1 (a) Biosynthesis of HS. The process is initiated by the formation of a nonsulphated polymer of alternating glucuronic acid and N-acetylglucosamine units attached to the serine residue of a PG core protein through a galactose-galactosexylose trisaccharide sequence. This precursor polysaccharide undergoes sequential modification steps involving substitution of N-sulphate for N-acetyl groups (N-sulphation, indicated by grey ellipsoids), C5 epimerization of D-glucuronic to L-iduronic acid residues, and sulphation of hydroxyl groups at C2 of iduronic acid (and some glucuronic acid) units, and C6 and C3 of glucosamine units (O-sulphation, indicated by yellow ellipsoids). The modifications are generally incomplete, such that only a fraction of potential substrate sites are actually targeted. Owing to the substrate specificity of the epimerase and O-sulphotransferases, modifications are essentially restricted to the N-sulphated regions of the chains (NS domains, indicated by a zig-zag line under the bottom sequence). Other regions remain largely unmodified (NA domains, straight line). The pentasaccharide structure defined by the horizontal bracket above the bottom sequence binds with high affinity to AT and accounts for the anticoagulant activity of heparin/HS molecules. The various domains rarely exceed 10 sugar units in length, except for the NA domain adjacent to the linkage to protein (16-18 units process; the question that arises is how it is regulated. Factors of potential importance include expression levels of different enzymes, modulation of their catalytic activities, and the availability of precursor molecules. The activity of an enzyme in a HS-synthesizing Golgi compartment may thus depend on both transcriptional and translational control of expression [23, 24] , as well as posttranslational modification of the enzyme. Interactions between biosynthesis enzymes have been demonstrated [25] [26] [27] [28] [29] and it has been suggested that both elongation and modification of the HS chain take place in so-called GAGosomes [30] , molecular complexes of enzymes and other (as yet unidentified) regulatory molecules.
Finally, polysaccharide chain length is another source of heterogeneity. Newly synthesized heparin chains typically fall within the range 60-100 kDa [31] , whilst HS chains are shorter (M r = 14-45 kDa) [32, 33] . However, even highly purified HS preparations are polydisperse, with a size distribution that varies with the source. Chain size may be established during biosynthesis, but may also reflect endolytic heparanase action. Native heparin chains are generally processed in mast cells by heparanase cleavage, which yields 5 to 25-kDa fragments that are recovered as unfractionated commercial heparin [34] . Notably, the so-called low-molecular-weight heparins (4-7 kDa) that currently dominate clinical practice are generated by chemical or enzymatic cleavage of unfractionated heparin [35] . The smallest and most recently available heparin-related antithrombotic compound is the antithrombin (AT)-binding pentasaccharide (Fig. 1a) , obtained through chemical synthesis [36] .
Biological functions
Biological functions of HSPGs generally depend on interactions, mainly electrostatic in nature, with proteins that bind to the sulphated domains of HS chains [10] . The first protein-binding site in a HS chain to be characterized in detail was the ATbinding pentasaccharide sequence in heparin (Fig. 1a) . Each of four distinct sulphate groups is essential for productive AT binding, and hence blood anticoagulant activity [16, 37] . One of these, a GlcN 3-O-sulphate group, is a rare constituent that was initially believed to be unique to the ATbinding sequence. However, subsequent work showed that 3-O-sulphate groups may be selectively expressed in various HS species and identified a family of 3-O-sulphotransferase isoforms all capable of catalysing specific incorporation of this residue [38] . These findings and other reports of rare sequences raised the notion of selective protein binding dependent on specific sulphation patterns, or a so-called sulphation code [39] . Recent comprehensive studies, however, revealed interactions of highly variable specificity, involving functionally important proteins capable of binding to several polyanionic sequences, provided that these were of sufficient overall charge density [40, 41] . The highly charged heparin molecule binds a multitude of proteins. However, there are reasons not to simply dismiss such interactions as being merely nonspecific. The strict regulation of HS biosynthesis described previously is likely to control the extent of the various polymer-modification reactions rather than the formation of precisely tailored, minimal-binding sequences towards selected protein ligands. Nevertheless, a sulphation code may apply, in a sense, whenever functional binding requires that selected (preferentially basic) amino-acid residues are targeted by critical sulphate groups (indicated by blue arcs in Fig. 2) . A protein-binding sequence would thus contain critical sulphate groups either alone (which is rare) or along with other sulphate groups not essential for (but not interfering with) the interaction. The highly sulphated heparin molecule will therefore express abundant potential proteinbinding sequences. This concept is illustrated in simplified form in Fig. 2 . Adding to the complexity is the conformational flexibility of a GAG chain; a defined three-dimensional pattern of critical sulphate groups may conceivably be attained by more than one linear sequence [42] . A 2-O-sulphate group could thus substitute for neighbouring 6-Oor N-sulphate groups, given appropriate adjustments of the chain conformation. Perhaps the 3-Osulphate group, which is rare in general but more frequent in sequences participating in specific interactions, plays a special role; recent NMR results show that a hydrogen bond between the N-sulphate and the adjacent 3-O-sulphate group in the AT-binding pentasaccharide preorganizes the secondary structure in a way that facilitates binding [43] .
Several 'heparin-binding' proteins were initially identified without any clue to their functional significance. Further research revealed that the endogenous polysaccharide implicated is generally HS rather than heparin, and many such interactions have now been ascribed functions and phys-iological roles [9] . From a mechanistic standpoint, they generally fall into either of two categories [10] . HSPGs may provide scaffolds at cell surfaces or in the extracellular matrix to ensure that proteins committed to specific processes in development or homoeostasis are presented at given sites and times in the body (Fig. 3a) . The diversity of protein ligands is striking. HSPGs serve as carriers for enzymes, lipoproteins, chemokines, growth factors and morphogens, with important roles in lipid metabolism, inflammatory processes, angiogenesis and various morphogenetic developmental events. Transient capture of growth factors or morphogens may help to stabilize protein gradients, control the range of signalling, or simply protect the proteins against degradation. Interactions of HSPGs in basement membranes with matrix proteins, such as fibronectin and laminin, provide support, resistance to mechanical stress and filtration barrier properties.
The other major type of HS-protein interaction contributes more directly to biological activities or signalling processes (Fig. 3d) [10] . A well-studied example is the anticoagulant activity of heparin (and some HS species), which is mediated by binding of a specific pentasaccharide species (Fig. 1a) to the protease inhibitor AT. The resultant subtle conformational change turns the AT molecule into a more efficient inhibitor of procoagulant serine proteases [44] . Interactions between HSPGs and a variety of growth factor or morphogens modulate FGF, Hedgehog, TGF-b, BMP and Wnt signalling [45] . Whereas the precise nature of HS involvement in some of these pathways remains unclear, direct participation of polysaccharide chains in signalling complexes with some cellsurface receptors has been demonstrated [46, 47] . Further details in connection with specific pathophysiological aspects are discussed below.
Heparanase
Heparanase was initially recognized for its ability to depolymerize the extended heparin chains of serglycin PG in connective-tissue-type mast cells [34, 48, 49] . A similar endoglucuronidase, capable of depolymerizing HS as well, was found in platelets [50] and subsequently in a variety of tissues. To date, only a single heparanase species has been described [51] [52] [53] . The use of transgenic mouse models featuring either overexpression [54] or depletion [55] of the enzyme are discussed below to clarify HS function in various pathophysiological settings.
Pathophysiology
Interactions between HS and proteins are essential for development and homoeostasis and have been critically implicated in various pathophysiological phenomena. Mice subjected to genetic ablation of HSPG core proteins or HS biosynthetic enzymes display an impressive range of phenotypes, from early embryonic death to almost imperceptible anomalies. In general, the more severe phenotypes are due to loss of HS chains or major perturbation of HS structure caused by extensive interference with polymer modification. Elimination in mice of either of the two HS-copolymerase enzymes Ext1 and Ext2 (Fig. 1a) leads to severe impairment of chain formation and early embryonic death [56, 57] . A similar phenotype is observed when NDST1 and NDST2 are both missing, resulting in the formation of a polysaccharide essentially devoid of sulphation [58] . Embryos deficient in NDST1 alone survive longer but still die either before birth or shortly thereafter due to respiratory failure (along with skeletal and cerebral defects) [59] [60] [61] . By contrast, NDST2 À/À mice show defective heparin biosynthesis, and hence abnormal connective-tissue-type mast cells but are otherwise viable and fertile [62, 63] . Other structural defects, such as loss of iduronic acid [64, 65] or 2-O-sulphate groups [66] or partial loss of 6-O-sulphate groups [67, 68] , result in phenotypes that may be functionally severe, yet limited to only a few tissues or organ systems. Again, these findings raise the issue of specificity in HS-protein interactions. Knockout of HSPG core proteins also yields highly variable phenotypes, depending on PG type [69, 70] . In general, these phenotypes are milder than those associated with loss or severe perturbation of HS chains, presumably due to functional redundancy amongst PG species. Notably, however, loss of either perlecan or agrin, both extracellular HSPGs, is incompatible with life. More comprehensive accounts of knockout phenotypes are available in the literature [9, 71] .
Whereas phenotypes due to genetic manipulation of HSPG biosynthesis may reflect aspects of human disease, most HS-associated pathological conditions involve interactions between GAG chains that are essentially normal and a variety of proteins that may be either normally occurring or disease-specific. We consider such conditions primarily according to protein ligands to implicated HSPGs. A few potential links between altered PG expression or HS structure and various pathological states have been explored. Finally, use of heparanase transgenic mouse models has led to intriguing novel insights into HS pathophysiology.
Protein ligands
Growth factors and morphogens Various disease conditions involve aberrant cell signalling of HS-dependent growth factors or morphogens. The development of hereditary multiple exostoses (HME), a basically benign condition involving the long bones, has been linked to dysregulated Indian Hedgehog signalling [72] . HS Sulphdependent Wnt action appears to be augmented in gastric cancer [73] . HSPG modulation of bone morphogenic protein (BMP) signalling has been implicated in fibrodysplasia ossificans progressiva [74] .
Tumour-induced neovascularization is a universal feature of solid cancers, and much attention is aimed at developing antiangiogenic drugs [75] . Three growth factors, platelet-derived growth factor (PDGF), fibroblast growth factor 2 (FGF2) and vascular endothelial growth factor (VEGF), all of which signal through tyrosine kinase receptors, have key roles in vascular sprouting and expansion [76] . All three growth factors functionally depend, albeit to variable extent, on interaction with HS [77 -79] , although the related polysaccharide, chondroitin sulphate, seems to be able to replace HS and support sprouting angiogenesis [80] . PG coreceptors may be located not only beside the appropriate tyrosine kinase-type receptors at the cell surface, but also in the extracellular matrix [70] or even on adjacent cells [81, 82] . Therapeutic approaches include neutralizing antibodies or receptor kinase inhibitors, but the results are so far inconsistent and largely disappointing [76] . HS-growth factor or HS-receptor interactions may be potentially targeted by competing ligands (Fig. 3e,f) ; indeed, VEGF-induced receptor signalling and vascular hyperpermeability were attenuated by administration of two distinct HS antagonists, protamine and surfen (a small HSbinding molecule) [83] . Beneficial effects of heparin treatment observed for the survival of patients with various forms of cancer may, amongst other possible mechanisms [84] , reflect displacement of growth factor(s) from interaction with endogenous HS. Notably, the antiangiogenic polypeptide endostatin binds HS [85] and prevents tumour growth, although the precise mechanism remains unclear.
Recent findings raise novel prospects for HS-based treatments in regenerative medicine. For instance, heparin and HS may be applied in bone regeneration to enhance the biological activity of endogenous or added growth factor at the site of injury. Bone formation induced by bone morphogenic protein-2 (BMP-2) was promoted by a HS species derived from a bone-marrow stromal cell line [86] .
Amyloid proteins
Amyloid diseases are characterized by tissue deposition of proteins prone to aggregate in fibrillar insoluble form. Diseases include severe maladies as diverse as AA amyloidosis, Alzheimer's disease, TTR amyloidosis, type 2 diabetes, Parkinson's disease, amyotrophic lateral sclerosis, prion diseases and AL amyloidosis [87] . The amyloid proteins are structurally unrelated but share the ability to bind HS, which is thus a potential therapeutic target in amyloidogenesis [88] . The apparently invariable occurrence of HSPGs in amyloid deposits is presumably due to the ability of HS chains to promote (or modulate) fibrillogenesis (Fig. 4a ) [89] [90] [91] . However, detailed analysis of HS association with various amyloid diseases has revealed more diverse involvement, as exemplified in Alzheimer's disease. HS contributed by glial cells is codistributed with Ab amyloid peptide in the cerebral senile plaques that are hallmarks of the disease [92] . Moreover, cell-surface HSPG mediates Ab internalization and cytotoxicity [93] . By contrast, binding of HS to b-secretase (BACE1) restricts proteolytic cleavage of the amyloid precursor protein (APP) and hence the formation of Ab peptide [94] . These findings point to a need for selective inhibition of HS-protein interactions.
The role of HS-amyloid interactions in pathogenesis of amyloid diseases was underpinned in studies of inflammation-related AA amyloidosis. This severe clinical disorder involves systemic codeposition of the acute phase reactant serum amyloid A (SAA) and HS in various organs. Whereas structural analysis of HS recovered from different amyloid-laden organs indicated amyloid-specific composition [95] , the question as to whether accumulation of this HS is due to overproduction of a specific HS species or to selective sequestration by binding to the amyloid remained unresolved. Experimental AA amyloid induction in heparanase-overexpressing mice correlated inver-sely with the level of enzyme overexpression, in apparent accord with the notion that HS chains promote amyloid fibrillogenesis [96] . Thus, liver showing extensive heparanase expression and HS fragmentation [97] was virtually resistant to amyloid deposition (however, see the section on HSlipoprotein interactions below).
Lipoproteins
Interactions of HSPGs with apolipoproteins and lipolytic enzymes have been implicated in lipoprotein metabolism and associated disease conditions, such as atherosclerosis [98] and Alzheimer's disease [99] . Of particular interest was the finding that hepatocyte HS directly mediates clearance of triglyceride-rich lipoproteins in mice, independently of any LDL receptor [100, 101] . It was concluded that HSPGs play a crucial role under normal physiological conditions in the clearance of both intestinally derived and hepatic lipoprotein particles. It was also suggested that aberrant expression of liver HS could be one cause of triglyceride accumulation in diabetes and possibly other disorders.
Recent analysis of pathogenesis in AA amyloidosis led to a novel mechanistic insight. The amyloid precursor SAA is normally associated with the high-density lipoprotein (HDL) fraction in plasma. Noborn et al. [102] showed that HS dissociates SAA from HDL by simultaneously binding SAA and another HDL apolipoprotein, ApoA-I, thereby providing free SAA available for amyloid conversion. The process requires a minimum saccharide chain length of 12-15 units and would thus be compromised by extensive HS fragmentation. These findings provide an alternative explanation of the amyloid-attenuating effect of heparanase overexpression already discussed [96] .
Inflammatory proteins
Several families of proteins, including selectins and chemokines, have key functions in inflammatory reactions that are variously influenced by heparinrelated GAGs. The primary common function of these proteins is control of the localization and migration of various types of immune cells (Fig. 4b ) [103] . Interactions of various chemokines with cellsurface HS have been elucidated in molecular detail. Notably, chemokine function depends on binding to HS chains with adequately spaced sulphated domains, which is required to cover separate clusters of basic amino-acid residues in a chemokine monomer [104, 105] or to support oligomerization of the protein [106, 107] . Chemokine binding to HS ensures appropriate positioning within tissues and maintenance of haptotactic gradients to direct cell migration. Moreover, HSprotein interactions support several steps of the inflammatory process. Vascular endothelial HS acts as a ligand for L-selectin during neutrophil rolling, supports chemokine transcytosis and presents chemokines at the lumenal surface of the endothelium [108] .
Interactions between HS and selectins or chemokines have been implicated in diverse disease settings. Attenuation of cancer metastasis during heparin treatment has been ascribed in part to displacement of bound L-selectin from endogenous HS (Fig. 3b) [109] . Weakening of neuroinflammation in transgenic mice overexpressing heparanase was ascribed to perturbed HS-chemokine interaction (Fig. 3h) resulting in inhibited recruitment of bloodborne monocytes [110] . Beneficial effects of heparin treatment have been noted in other inflammatory conditions, such as lipopolysaccharideinduced acute lung injury [111] and inflammatory bowel disease [112] .
Microbial proteins
To gain entry into the host, viruses use host cellsurface molecules that normally serve as receptors for other ligands. Various viral-docking proteins utilize HSPGs on host cells as receptors or coreceptors [113] , including pseudorabies virus gC protein [114] , herpes simplex gC and gD proteins [115, 116] and human papilloma virus L1 capsid protein [117] . Specific drug targeting (with an N,N′-bisheteryl derivative of dispirotripiperazine) of cell-surface HS moieties prevents infection by various viruses [118] . HS also binds HIV-1 transactivating factor Tat, which reveals a novel mechanism for lymphocyte adhesion and migration across the endothelium in response to chemokine signalling. These findings afford a new insight regarding extravasation of lymphoid cells during HIV infection [119] .
Following the initial identification of cell-surface HS as a (co)receptor for herpes simplex virions [120, 121] , the relationship unfolded through intrinsically different approaches. Genetic rescue experiments restored viral-binding ability as well as HS biosynthesis in cells defective in EXT1, previously recognized as a tumour suppressor (see the section on HME below) [122] . The effect of EXT1 on HS biosynthesis was explained when the closely related protein EXT2 and EXT1 were shown to possess both GlcA-and GlcNAc-transferase activities required to generate the initial polysaccharide backbone [122, 123] . The EXT1-EXT2 complex is now perceived as the HS copolymerase complex (see the section on HS biosynthesis). Meanwhile, gC affinity chromatography of oligosaccharides from authentic HSs or partly desulphated heparin revealed a minimal gC-binding sequence of approximately 10 monosaccharide units, containing 2-O-and 6-O-sulphate groups within N-sulphated domains [115] . Unexpectedly, enzymatic incorporation of a GlcN 3-O-sulphate group into HS generated a gD-binding domain conducive to viral entry [116] . The enzyme was one of multiple GlcN 3-O-sulphotransferase isoforms, distinct from that previously shown to catalyse 3-O-sulphation of the AT-binding region in heparin and HS ( Fig. 1a ; this structure differs from that of the gD-binding domain) [124] . A 3-O-sulphated octasaccharide generated through chemoenzymatic synthesis inhibited viral entry into target cells to a greater extent than the non-3-O-sulphated analogue [125] .
In Plasmodium falciparum malaria, a condition that is particularly serious in children, severe anaemia, respiratory distress and cerebral ischaemia are common. These states largely result from excessive binding of parasite-infected erythrocytes to the vascular endothelium (cytoadherence) and to other infected and uninfected erythrocytes (rosetting).
The sequestration of cells may lead to occlusion of the microvasculature, a direct cause of cerebral ischaemia associated with high mortality [126] .
The apparent resemblance to a thrombotic disorder led to treatment with heparin that was in part successful, but occasionally complicated by intracranial bleeding, so it was therefore abandoned [127] . However, more recent studies revealed that the condition is not a coagulopathy but is due to interaction between P. falciparum erythrocyte membrane protein 1 (PfEMP1), a parasite-derived molecule present at the surface of infected erythrocytes, and host receptors on endothelial and red blood cells [128] . The host receptors on endothelium and erythrocytes were identified as cell-surface HS [15] and the previously observed effect of heparin treatment could thus be ascribed to blocking of PfEMP1-HS interaction (Fig. 4c) . Binding of PfEMP1 requires ! 12 mers of HS (or heparin) containing N-and 2-and 6-O-sulphate groups, but no AT-binding domain, raising the prospect of generating a heparin-derived PfEMP1 blocking agent devoid of anticoagulant activity. Such a product was achieved by selective periodate oxidation of heparin, which resulted in cleavage of the glucuronic acid residue occurring in the AT-binding pentasaccharide sequence (Fig. 1a) . Such deactivated products reproduced the effects of heparin, inhibiting both rosette formation and cytoadherence to the vascular endothelium, which suggests that they may be candidates for adjunct therapy in severe malaria [126] .
Bacterial M protein, a classical virulence determinant, is a powerful inducer of inflammation. Inflammatory plasma leakage, which can potentially lead to toxic shock, is caused by a cationic heparinbinding protein released by neutrophils on challenge by M protein [129] . The heparin-binding protein presumably interacts with HSPGs at the vascular endothelial surface and thus induces rearrangement of the cytoskeleton and the formation of intercellular gaps [130, 131] . This mechanism may in part explain the antimicrobial properties expressed by HS/heparin-binding peptides from various sources (as illustrated in Fig. 3f ) [132] .
Altered HSPG expression or structure
Core proteins
Various pathological conditions have been ascribed to deficiency of HSPG core proteins. Loss-of-function mutations of glypican-3 cause Simpson-Golabi-Behmel syndrome, a paediatric condition characterized by somatic overgrowth [133] . Recessive omodysplasia, characterized by short limb stature and craniofacial dysmorphism, has been linked to mutations in glypican-6 that entail loss of the GPI anchor and the HS attachment sites [134] . By contrast, augmented expression of glypican-5 increases the risk of acquired nephrotic syndrome [135] . Complete loss of perlecan leads to dyssegmental dysplasia of the Silverman-Handmaker type [136, 137] , whereas Schwartz-Jampel syndrome is caused by mutations in the perlecan core protein [138] . Whilst dyssegmental dysplasia is a form of lethal dwarfism, Schwartz-Jampel syndrome is milder and characterized by myotonia and chondrodysplasia. Congenital myasthenia was ascribed to a mutation in the extracellular HSPG agrin, which leads to perturbation of the neuromuscular junction [139] . The autosomal recessive Knobloch syndrome, characterized by occipital encephalocele and visual impairment, is caused by mutations in collagen XVIII [140] .
Prolonged labour is associated with decreased expression of syndecan-3 in human uterine tissue [141] . The precise mechanism is unclear. However, potential clues emerged from the unexpected finding that women treated with low-molecular-weight heparin during pregnancy had significantly shorter labour times compared with untreated women [142] . A search for the mechanism(s) revealed augmented IL-8 secretion by heparin-treated fibroblasts cultured from explants of cervical biopsies obtained at delivery, suggesting an effect on cervical ripening. Moreover, myometrial smooth-muscle strips pretreated with low-molecular-weight heparin showed increased contractile activity in response to oxytocin stimulation, pointing to an effect of heparin on the oxytocin signalling pathway. These findings raise intriguing questions regarding the role of endogenous HS in delivery, in particular, HS chain substitution of syndecan-3.
HS chains
Mucopolysaccharidosis diseases are caused by mutations of genes encoding degradative enzymes required for turnover and elimination of GAG chains. Defects in enzymes involved in HS degradation give rise to a number of rare diseases of varying severity, characterized by excessive organ storage of partially degraded HS. A promising method for diagnosing these diseases based on characterization of the unique mono-, di-, or trisaccharide units in the nonreducing ends of the accumulated GAGs was recently published [143] . Unexpectedly, HS biosynthesis in afflicted cells also seems to be affected by accumulated GAGs [144] . The genetics, enzymology and clinical aspects of these conditions have been the subject of several reviews [145] [146] [147] and are not further discussed here.
Given the large number of phenotypic aberrations resulting from genetic manipulation of HS biosynthetic enzymes in model organisms [9] , surprisingly few human disease conditions have been primarily ascribed to deranged HS biosynthesis. However, changes in HS structure may be secondary to other disease manifestations, such as the upregulated sulphation of HS associated with tumour-induced heparanase overexpression [97] or decreased N-deacetylation/N-sulphation in experimentally induced diabetes [148] . Nevertheless, syndromes attributed to mutations of genes encoding HS biosynthetic enzymes are slowly growing in number. Multiple hereditary exostoses (HME) is caused by haploinsufficiency of either of the EXT1 and EXT2 proteins that comprise the Golgi-associated HS polymerases (Fig. 1a ) [149] . Ext1 mouse-mutant fibroblasts, expressing only low levels of the enzyme, produced shorter HS chains than wild-type control cells, responded poorly to FGF2 stimulation and showed reduced ability to attach to collagen I [150] . Defective HS generation is a probable cause of the dysregulation of Indian Hedgehog signalling implicated in HME [72] . Interestingly, conditional inactivation of EXT1 in postnatal neurons had no detectable effect on brain morphology in mice, but induced almost the full range of symptoms typical of human autism (impairment of social interaction, stereotype repetitive behaviour, etc.) [151] . Another syndrome caused by neural dysfunction, idiopathic gonadotrophic hypogonadism, was recently associated with mutations in the HS 6-O-sulphotransferase-1 gene [152] . We also note, however, that deranged HS structure in vivo caused by genetic ablation of biosynthetic enzymes is not invariably associated with a predicted phenotype. Thus, contrary to expectation, loss of an AT-binding sequence in vascular HS due to elimination of 3-O-sulphotransferase-1 in mice did not lead to any thrombotic disorder [153] . In fact, the AT-binding sequence is much more abundant in mast-cell heparin, and it has been suggested that its major functional role lies in control of extravascular coagulation induced by inflammatory macrophages [154] .
Heparanase pathophysiology
Tumour growth and metastasis are closely intertwined with heparanase overexpression, which confers an invasive phenotype in experimental animals. The enzyme releases HS-bound angiogenic factors from the extracellular matrix (Fig. 3i) , thereby inducing an angiogenic response in vivo.
Heparanase upregulation correlates with increased tumour vascularity and poor postoperative survival of patients with cancer [52] . The enzyme further promotes metastasis by degrading HSPGs in basement membranes, facilitating passage of tumour cells through the vascular wall. Degradation of HS in the glomerular basement membrane contributes to diabetic nephropathy, proteinuria and kidney dysfunction. Heparanase also appears to be causally involved in inflammation and is dramatically upregulated in autoimmune diseases such as inflammatory bowel disease [155] , rheumatoid arthritis (but not osteoarthritis) [156] and type 1 diabetes [157] . Interpretation of these findings is not entirely straightforward. Overexpression of heparanase attenuated neuroinflammation induced by localized cerebral microinjection of Ab amyloid aggregates in mice. Compared to wild-type mice, the transgenic animals displayed impaired macrophage-mediated elimination of the aggregates; this defect is due to a perturbed ability to recruit monocytes across the blood-brain barrier [110] ; see also the section on Inflammatory proteins above. Can heparanase overexpression be part of defence mechanisms in Alzheimer's disease or other conditions involving inflammatory reactions?
The recent availability of heparanase knockout mice has revealed novel roles for heparanase in modulating interactions between heparin/HS and selected proteins. Cultured foetal skin-derived murine mast cells lacking heparanase contained longer heparin chains than control cells, but more proteases stored in cytoplasmic granules. Conversely, heparanaseoverexpressing cells showed shorter heparin chains and significantly less proteases, apparently due to spontaneous release of granular material. It was concluded that heparanase functions in maintaining mast-cell homoeostasis [53] .
Heparanase-deficient mice show maturity-onset obesity, whereas heparanase-overexpressing mice have reduced body fat [158] . An explanation was based on previous findings of obesity induced by transgenic overexpression of syndecan-1 in mice [159] . This earlier study uncovered physiological control of feeding behaviour by syndecan-3, the HS chains of which stimulate appetite by promoting signalling of agouti-related protein, a primary agonist of hypothalamic melanocortin receptor 4. Release of syndecan-3 ectodomain by satietyinduced protease cleavage instead provides access for the appetite-depressing reverse agonist a-melanocyte-stimulating hormone. Because transgenic syndecan-1 lacks the protease cleavage site of syndecan-3, the receptor persistently signalled hunger (Fig. 4d) . Heparanase-deficient mice ate more than control mice, whereas local intracerebroventricular microinjection of heparanase decreased appetite [158] . It was proposed that heparanase participates in appetite regulation by cleavage of HS chains at the melanocortin receptor 4 and through peripheral effects on energy metabolism.
Concepts for drug design?
The only heparin-/HS-related bioactivity exploited in routine clinical application is anticoagulant/ antithrombotic activity. However, the pivotal roles of HS-protein interactions in different pathophysiological settings, only some of which have been reviewed here, suggest the use of drugs that could either potentiate or, more likely, disrupt the associated biological activities. Figure 3 shows various options, some of which have been discussed in a previous review [160] .
Potentiation of a biological activity normally exerted through heparin or HS (Fig. 3g , illustrating growthfactor activity) has been demonstrated for synthetic mimetics of the AT-binding pentasaccharide. Various developments of this concept to induce neutralizability and to confer favourable pharmacokinetic properties to other saccharide-linked drugs have been described [161] . HS mimetic oligosaccharides have been generated to mobilize hematopoietic progenitor cells, which are of importance in haematopoietic stem cell transplantation [162] . Similar developments may be anticipated in other clinical settings, such as wound healing.
The major potential for HS-related drugs is to prevent or weaken HS-protein interactions. Several strategies have been proposed. General inhibition of HS biosynthesis may seem an adventurous aim given the diverse roles of HS in homoeostasis but is nevertheless worthy of consideration (Fig. 3j,k) . Variously substituted xylosides have been used as competitive inhibitors of xylosyltransferase, which initiates polysaccharide substitution on PG core proteins, in cancer therapy, along with inhibitors of polyamine biosynthesis [163] . Formation of the HS precursor polysaccharide can also be inhibited by glucosamine analogues, which are under consideration for treatment of various amyloid diseases [164] . Direct, albeit nonselective, inhibition of HS-protein interactions may be achieved using small-molecule antagonists, such as surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide) [165] and anionic sulphonates [166] . A recent report described a strategy based on engineered mutagenesis for generating decoy protein ligands potentially capable of selective blocking of GAG sequences (Fig. 3c,f) [167] .
Competitive saccharide ligands offer a logical approach for targeting of HS-protein interactions (Fig. 3b,e) . The rationale is based on the unexpected beneficial effects of heparin treatment in various disease conditions, as described in previous sections. Displacement of a protein from its endogenous HS ligand by heparin is often considered a nonspecific phenomenon, ascribed to the exceptional polyelectrolyte properties of the polysaccharide. Whilst this notion may well apply in some cases, the concept of 'hidden specificity' should be kept in mind, as discussed previously. Heparin, which is highly sulphated, is likely to provide the critical sulphate groups required to interact with key basic amino acids in a target protein that binds to HS in a more selective manner (Fig. 2) . To generate a selective oligosaccharide ligand (or mimetic), it will be necessary to pinpoint the sulphate groups that are functionally essential. A rational approach to such analysis requires access to arrays of HS-related oligosaccharides with systematically varied locations of sulphate substituents [168] . It is hoped that such reagents will be available in the near future.
Finally, the detrimental effects of heparanase in various conditions, and in cancer in particular, call for efficient inhibition of the enzyme. Such drugs have been generated by selective desulphation of heparin followed by glycol splitting of pre-existing or chemically generated nonsulphated uronic acid residues [169] and by sulphation of mannose oligosaccharides [170] . It should be noted that such drugs would be contraindicated in conditions in which heparanase overexpression is actually beneficial.
